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EFFECTS OF AI ADDITIONS ON SULFIDATION 
RESISTANCE OF SOME FE-CR-NI ALLOYS 

By J. S. Dunning 1 and S. C. Rhoads2 

ABSTRACT 

The objective of this research by the U.S. Bureau of Mines was to determine the effects of Al 
additions on the sulfidation resistance of Fe-Cr-Ni alloys. A series of Fe-Cr-Ni alloys with and without 
-additions of 4 pet AI were tested in a wet S vapor atmosphere at 677 C. A study of the morphology 
and composition of corrosion scales indicated a different corrosion mechanism for AI-free alloys 
compared with AI-containing alloys. Aluminum-containing alloys formed a compact, tightly adherent 
layer at the metal-scale interface that reduced corrosion rates by a factor of 3 to 10 compared with that 
of AI-free alloys. The thin, adherent AI-containing scale limited inward diffusion of 0 and S to the base 
metal and outward diffusion of Ni from the base metal. 

Aluminum-containing alloys formed a three-layer scale in oxidizing-S environments, while AI-free 
alloys formed a less protective two-layer scale. 

ISupervisory metallurgist. 
2Research chemist. 
Albany Research Center, U.S. Bureau of Mines, Albany, OR. 



INTRODUCTION 

Iron-base alloys, particularly Fe-Cr-Ni alloys, are con­
struction materials for chemical processing vessels, pollu­
tion control equipment, coal gasifiers, and other equipment 
designed to operate above 5()()0 C. In many instances, 
corrosive gases containing 0 and/or S are present. Under 
conditions of oxidatio;'l and/or sulfidation, the equipment 
often has a limited service life. Also, it is often necessary 
to use substantial amounts of Cr in the Fe-Cr-Ni alloys to 
achieve reasonable performance. In the metals industry, 
high-S environments are common in the processing of 
sulfide ores. In many situations, productivity, efficiency, 
and the economics of the process are materials umited 
because of temperature limitations imposed by severe 
corrosion, inherent in high-S environments. 

As part of its program to develop technology to reduce 
the Nation's dependence on foreign sources of critical and 
strategic materials, the U.S. Bureau of Mines investigated 
the effects of Al additions on the sulfidation resistance of 
Fe-Cr-Ni alloys. Accordingly, one objective of this re­
search is to understand the mechanisms of sulfidation 
occurring in Fe-Ni-Cr alloys, specificalJy the role Al plays 
in improving sulfidation resistance in oxidizing-S environ­
ments. A second objective is to reduce the amount of Cr 
required in Fe-base alloys in order to resist S-containing 
environments and to extend the service life of high-Cr­
containing alloys in these environments, thereby conserving 
Cr. The most significant conservation of Cr would result 
from the alloy's extended service life if sulfidation rates 
could be reduced. Losses incurred through S corrosion 
are appreciable, and materials available for combating it 
are not considered adequate (1).3 

The effect of adding Al to steels in order to improve 
their resistance against oxidation is well known (2-6). 

Aluminum also appears to be beneficial for alloys intended 
for use at high temperature in S, H 2S, and S02 atmos­
pheres (7-8). However, whiJe the corrosion mechanisms 
of Fe-Cr-Al alloys by 0 are relatively well known, this 
is not the case for corrosion by S, and S compounds. 
Mrowec (9) studied the corrosion of alloys with various Cr 
(18 to 25 pct) and Al (1 to 5 pct) contents in S vapor at 
atmospheric pressure, and Jallouli (10) studied alloys with 
17 pct Cr and various Al (4 to 6 pct) contents under low­
S vapor pressure. Both researchers observed the forma­
tion of a two-layer scale. The outer iayer was noncom pact 
and porous and allowed ready ingress of S, and the scale 
growth depended largely on the composition of the inner 
scak and its protective nature. Corrosion resistance in 
AI-containing alloys with the two-layer scale was not sig­
nificantly increased. 

The Bureau's research on the corrosion resistance of 
AI-containing stainless steels (11) in S vapor showed that 
the corrosion resistance of both ferritic and austenitic 
alloys improved with increasing Cr and Al contents. It was 
also observed that corrosion in wet S vapor (S vapor plus 
steam), which is an oxidizing environment, was less severe 
and the rates were less erratic than in dry S vapor, which 
is a reducing environment. To explain these empirical 
data, a series of Fe-base alloys with additions of Cr, Ni, 
and Al were prepared to study the role of these elements 
in providing resistance to S-containing environments. The 
performance of these alloys was compared with the per­
formance of high-Cr AISI Type 310 stainless steel 
(Fe-25Cr-20Ni). This alloy is often specified for use in 
severe high-temperature corrosion environments and is 
acknowledged (12) as the best of the austenitic stainless 
steels for S vapor service to 704° C (1,3(Xt F). 

EXPERIMENTAL DESIGN AND PROCEDURES 

The sulfidation characteristics of four Fe-base alloys 
were studied. Alloy A (Fe-17Cr-9Ni-4AI) is a ferritic alloy 
where Al is held largely in the form of an NiAJ precipitate 
dispersed in the ferritic Fe matrix. Alloy B (Fe-17Cr-4Al) 
has the Al addition entirely in solid solution in a ferritic 
matrix. The comparison between alloys A and B was 
interesting because, while their Al content is the same, the 
NiAl precipitates in alloy A provide excellent strength at 
elevated temperatures, and ductility is improved because 
less Al is present in soud solution in the ferritic matrix 
(13). Thus, alloy A provides an excellent combination of 
workability, room-tern perature ductility, and elevated 
temperature mechanical properties, while alloy B shows 
little ductility or strength at high tern perature. Alloy C 
(Fe-17Cr-9Ni) is AI-free and exhibits a mixed 
austenitic-martensitic microstructure. Alloys A, B, and C 
were compared with alloy D (Fe-25Cr-20Ni), the AI-free, 

3Italic numbers in parentheses refer to items in the list of references 
at the end of this report. 

high-Cr, and high-Ni austenitic Type 310 stainless steel 
typically used in industry in high-S environments. 

Corrosion rates of the four alloys were com pared in wet 
S vapor at 67T C (1,250° F). Corrosion tests in wet S 
vapor were conducted in a cylindrical high-silica glass test 
chamber about 36 in long by 2.25 in OD, shown in 
figure 1. Sulfur vapor was provided by an internal, 
4-in-deep annular reservoir of S, which was heated by a 
separate furnace. The reservoir was heated to 400° C (400 
mm vapor pressure). A condenser (upper part of the test 
chamber) was maintained at about 154° C to provide con­
tinuous condensing and refluxing of S. Heuum saturated 
with water vapor at 80° to 90° C and Howing at about 20 
cm3/min was injected into the chamber through the steam 
generator to provide an atmosphere that was about one­
third each S, steam, and He. A flow of He (50 cm3/min) 
was maintained across the outlet of the test chamber to 
prevent air from entering. Specimens were hung on the 
inner sidewall of the S reservoir by glass rods. Specimen 



., 
Hea t tape ------.// 

1 
1 
1 2.25 
1 
1 

;----..-- He 
purge 
gas 

3 

G~o.u~d-glass------'r: ______ --1.; 8 in 

JOlnl 1 :II---t 
o 0 

~Steam 

furnace 

Test chamber 1 

S furnace D 6 in 
S ----+-*~:-2+11 

Specimen support 

Specimen furnace 

16 in 
Corrosion specimen 

Thermowell·· 

Insulating brick 

Figure 1.-Apparatus for laboratory corrosion tests In wet 5 vapor. 

temperature was measured by a thermocouple inserted 
into a thermowell through the bottom of the test cham­
ber. The thermowell extended to about the midpoint of 
the specimens. Temperature variation within the zone 
occupied by the specimens was held to ± 10° C by external 
shunts on the furnace elements. 

Duplicate specimens of each alloy were used in corro­
sion tests. One specimen was used for corrosion rate 
calculations, while the other specimen was used for metal­
lography, scanning electron microscopy (SEM), and elec­
tron microprobe analysis (EMPA). 

The specimens were approximately 1 by 1/2 in, and the 
surfaces were ground to a 120-grit finish. The specimens 
were cut from sheet rolled from 100-g ingots prepared by 
nonconsumable electrode arc melting. The ingots were 
prepared from electrolytic grades of Fe, Ni, and Cr, and 
high-purity AI. Standard Type 310 stainless steel was used 
as a standard for comparison purposes. 

Corrosion rates were calculated from the initial surface 
area and the weight loss of descaled specimens. Corrosion 
products were loose and readily removed, except for an 
adherent, thin inner layer on AI-containing specimens, 
which was removed by vapor honing with a very fine grit 
waterborne sandblast. Vapor honing was carefully con­
trolled to ensure minimal removal of base metal. 

Specimens for metallography, SEM, and EMPA were 
removed from the test chamber and, after cooling in a 
desiccator, mounted in plastic epoxy resin. A small cross 
section was later cut from near the center using an abra­
sive cutoff wheel. Conventional metallographic mounting 
and polishing techniques were used, followed by electro­
lytic etching at room temperature in 10 pct oxalic acid. 

Quantitative EMPA's were made on the polished 
surfaces of metallographic specimens using an electron 
microprobe equipped with three wavelength-dispersive 
spectrometers. Three elements were simultaneously 
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analyzed by measuring the intensities of the appropriate 
characteristic radiation. Operating conditions were 15 k V 
accelerating voltage and beam currents ranging from 30 
to 150 nA. 

The polished cross sections were also examined for 
elemental concentrations by SEM, energy dispersive 
analysis by X-ray (EDAX) elemental mappings, and point 
analysis. 

RESULTS 

The microstructures of the four test compositions are 
shown in figure 2. Alloy D was tested in the as-received 
austenitic condition, while alloys A, B, and C, after hot 
rolling at 1,I(X)O C, were stabilized at the test temperature 
of 677" C for 24 h prior to testing. Alloy A has a fine 
dispersion of .B-NiA! precipitates in a ferritic matrix. 
Analysis indicates approximately 50 pct of AI is in the form 
of .B-NiA!. Alloy B shows a single-phase ferritic matrix 
with all the Al addition in solid solution, while alloy C 
exhibits a mixed austenitic-martensitic microstructure. 

The specimens were held for 9 days (216 h) in wet S 
vapor at 677" C (1,250° F). (Data on corrosion rates are 
summarized in table 1.) The corrosion data confirmed 
earlier corrosion studies with similar composit-ions (6), 
indicating that the presence of Al in wet S vapor substan­
tially reduces corrosion rates. Corrosion rates for alloy D 
were three to four times greater than the corrosion rates 
for the two test compositions with Al additions (alloys A 
and B). Corrosion rates for alloy C were approximately 10 
times greater than the corrosion rates for alloys A and B. 
Corrosion rates for alloys A and B were not significantly 
different despite the fact that, in alloy A at 677° C, some 
Al is held out of solid solution in the form of a .B-NiA! 
precipitate. The data agreed with prior corrosion studies 
of these types of alloys (6). 

A: 
B: 
C: 
D: 

Table 1.-Corroslon rates of alloys after 
9 days In wet S vapor at 677" C. 

Initial Weight 
Alloy area, loss, 

In2 mg 
Fe-17Cr-9Ni-4Al .... , .. 0.491 67.9 
Fe-17Cr-4Al .......... .552 66.1 
Fe-17Cr -9 Ni .......... .400 613.4 
Fe-25Cr-20Ni ......... .567 283.6 

Corrosion 
rale, 
mpy 
43 
37 

412 
154 

One goal of this research was to study the corrosion 
rUms to determine why AI has this drastic effect on corro­
sion rates. Photomicrographs of the corrosion films on all 

four alloys are shown in figure 3. Thick scales were ob­
served on the surfaces of the Al-free alloys; thinner scales 
were observed on the Al-containing alloys. In all four 
alloys, several layers could be observed in the corrosion 
rUms, including a very loosely adherent outer layer and a 
more adherent layer at the metal-scale interface. 

An examination of the outer-scale surface revealed 
differences between the four alloys. Figure 4 shows photo­
micrographs of the outer-scale surfaces at a magnification 
of 50. All outer scales are porous and loosely adhered. 
The alloy C surface shows a coarse structure of large 
plate-shaped pyrrhotite (FeS) growths with habits of the 
low-symmetry NiA! structure. The outer layers on the 
other three alloys appear more uniform and compact at 
low magnification (fig. 4), but massive, dark, hexagonal 
crystals of FeS are visible on the surface of the Type 310 
stainless steel, while the two alloys containing Al (alloys A 
and B) show bladelike plates of FeS that appear to be 
extruded from the surface of the scale. Higher magnifica­
tion photomicrographs of the surface of alloys A and B are 
shown in figure 5. The surface on a fmer scale appears 
very similar to that of alloy C. Isolated needles and elon­
gated plate-shaped growths are evident, and the blades 
protruding from the surface are merely elongated, isolated 
platelets. 

Further analysis of the corrosion products on the four 
alloys was conducted with the electron microprobe and 
energy dispersive X-ray. Quantitative identification of the 
phases present by X-ray diffraction was not possible 
because of the large number of stable sulfides and oxides 
possible in this system. While this has hampered the 
analysis of sulfidation specimens as compared with the 
analysis of oxidation specimens, considerable interpretation 
of the microprobe and X-ray data is possible. SEM 
profiles of the corrosion scale of all four alloys are shown 
in figure 6. Analyses of the scales are summarized in 
tables 2 through 5. Of major interest were the differences 
in scale composition between the Al-containing alloys 
(alloys A and B) and the Al-free alloys (alloys C and D). 
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Figure 2.-Mlcrostructures of alloys (X 500). A, Alloy Ai B, alloy Bi C, alloy Ci D, alloy D. 
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FIgure 3.-Photomlcrographs of corrosIon films on alloys (X 400). A, Alloy A; B, alloy 8; C, alloy C; D, alloy D. Complete films are 
shown on .IIoys A. 8, and D, while on alloy C, Inner one-thIrd film and graIn boundary sulfldatlon are shown. 
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Figure 4.-Photomlcrographs (X 50) of outer-scale surfaces of alloys-alloy A. 
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Figure 4.-Photomicrographs (X 50) of outer-scale surfaces of alloys-alloy B. 
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Figure 4.-Photomlcrographs (X 50) of outer-scale surfaces of alloys-alloy C. 
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Figure 4.-Photomlcrographs (X 50) of outer-scale surfaces of alloys-alloy D. 
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Figure 5.-Photomicrographs (X 250) of surfaces of alloys-alloy A. 



Figure 5.-Photomicrographs (X 250) of surfaces of alloys-alloy B. 
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Figure 6.-Proflles of corrosion scales of alloys-alloy A (X 500). 
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Figure 6.- Proflles of corrosIon scales of alloys- alloy B (X 500). 
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Figure 6.-Proflles of corrosion scales of alloys-alloy C (X 150). 
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Figure 6.-Profiles of corrosion scales of alloys-alloy 0 (X 250). 



ALUMINUM-CONTAINING 
ALLOYS-ALLOYS A AND B 

An analysis of the scales indicated that AI plays a 
unique role in the corrosion mechanisms. In AI-containing 
alloys, three distinct layers were observed, while in alloys 
without AI, only two layers could be identified. An 
analysis of scales of AI-containing alloys is shown in tables 
2 and 3. 

Table 2.-Analysls of corrosion scale and base metal of 
alloy A near metal-scale Interface, weight percent 

Distance from Fe Cr Ni AI S 0 
interface, I'm 

Corrosion scale: 
50 (outer) ............ 50 9 2 0 37 2 
150ntermediate) ...... 7 35 0 7 34 14 
Approx 0 (inner) ....... 13 32 1 17 18 15 

Base metal: 
10 ....... • •• • ••.... 83 5 9.5 1.5 .5 .4 
30 , ••••••• ," ," I " 73 15.5 9 2.5 0 .3 
50 •••••••• I '" I •••• 71 18 9 2.5 0 0 
100 I •••••••• ,., •••• 71 18 8.5 2.5 0 0 
Much greater than 100 .. 68.7 18 9 4 0 0 

Table 3.-Analysls of corrosion scale and base metal of 
alloy B near metal-scale Interface, weight percent 

Distance from Fe Cr AI S 0 
Interface, I'm 

Corrosion scale: 
30 (outer) ............ 59 6 0 33 2 
20 Ontermediate) ...... 20 32 1.5 40 4 
15 (intermediate) ...... 30 22 8 19 19 
Approx 0 (Inner) .... • .. 23 23 26 11 15 

Base metal: 
10 .... . ............ 87 11.5 1.5 0 0 
30 I ••••••• ·.·,·· ••• 79.5 18 2.5 0 0 
100 ................ 79 18 2.5 0 0 
Much greater than 100 .. 76 19 4 0 0 

In AI-containing alloys, the loosely packed, micro­
crystalline outer layer is made up essentially of FeS. The 
intermediate layer is an Fe-, Cr- and AI-containing mixed 
sulfide-oxide high in S. Both Cr and AI are concentrated 
in this layer, with Cr and S concentration increasing, and 
AI and 0 concentration decreasing outward through the 
intermediate layer. The inner layer in the scale in these 
alloys is tightly adherent, approximately 10 pm thick, with 
a very high AI concentration and high in O. Some S also 
is present, and there is some concentration of Cr, although 
the concentration is not as great as with AI. In alloy A, 
the concentration of AI is four times greater in the inner 
scale compared with a two times greater concentration for 
Cr; in alloy B, the concentration of AI is six times greater 
compared with one and one-third times greater concentra­
tion for Cr. This compares with a concentration approxi­
mately two times greater for both Cr and AI in the inter­
mediate layers for both alloys A and B. 

Other investigations (5-8) have determined that outward 
diffusion of the alloy components from the metal through 
the inner adherent layers of oxides and mixed sulfides 
determines the overall rate of scale growth. It is evident 
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that in oxidizing S vapor environments (wet S vapor), a 
tightly adherent, mixed oxide-sulfide layer slows diffusion 
of Fe, Ni, Cr, and AI outward and slows the growth of the 
scale. AIuminum is largely held in the inner scale, while 
Cr diffuses through the inner scale and is also concen­
trated in the intermediate scale. The inner scale seems to 
prevent diffusion of Ni outward, and no depletion of Ni is 
observed in the base metal next to the metal-scale inter­
face in alloy A. In alloy A, all layers of the scale are 
essentially devoid of Ni. As will be seen in the following 
section, this is in sharp contrast to alloys C and D. 
Chromium is depleted to a depth of 30 to 50 pm in both 
alloys A and B. Thus, the progress of corrosion cau be 
represented by the model shown in figure 7 (top). Corro­
sion scale is multilayered, consisting of :!on outer porous 
layer of needles, blades, and plates of FeS.. This outer 
layer is very loosely adherent and readily spalls during 
cooling of the specimen from temperature. An interme­
diate layer (Cr, Fe, AI) of sulfide is porous, and analysis 
indicates that Sand 0 can penetrate through this layer 
toward the metal-scale interface. This intermediate layer 
also is loosely adherent and can be removed by brushing 
the surface of the corrosion specimens. Finally, a tightly 
adherent, high-AI, high-Cr (AI, Cr, Fe) oxide-sulfide layer, 
which limits the inward diffusion of Sand 0 and the out­
ward diffusion of Ni, is at the metal-scale interface. This 
innermost compact layer is approximately 15 pm in thick­
ness and is not disrupted during the cooling of the spec­
imen or by brushing the specimen surface. 

The corrosion rate of AI-containing alloys is governed 
by the diffusion of Fe, Cr, or AI through the innermost 
compact layer. This is a reasonable assumption since, in 
the case of both oxidation and sulfidation of the common 
metals, oxide and sulfide scales grow primarily by outward 
diffusion of the cations rather than inward diffusion of 0 
and/or S (12). 

Outer loyer, ~ 
separate blades ~ 
and plates 

Intermediate Fe t Cr t ~ 0 j 

layer, porous 
Inner layer,compact IFe I ICrl IAI t I 

Bose metal 

Outer loyer, ~ ~ 
coarse plates 

Inner loyer, 
P"'"' F, t ~ 0 I S I 

Base metal G~ 
9u\fidotion 

FeS, 

(Cr, Fe, AI l, (S, Oly 

(AI, Cr, Fel, (O,Sly 

Fe, Cr, Ni, AI 

(Fe, Nil S, 

(Cr, Fel, (0, S ly 

Fe, Cr, Ni 

Figure 7.-Model of corrosion process In Ai-containing alloys 
(top) and AI-free alloys (bottom). 
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ALUMINUM-FREE ALLOYS­
ALLOYS C AND D 

An analysis of scales for AI-free alloys is shown in 
tables 4 and 5. In alloys C and D, the AI-free alloys, a 
two-layer scale was observed rather than the three-layer 
scale observed in AI-containing alloys. The outer layer of 
alloy C was a very loosely adherent layer of coarse plates. 
The outer layer of alloy D was more uniform and compact 
on a macroscopic scale, with the exception of isolated 
massive, hexagonal crystals of FeS apparent on the surface. 

Table 4.-Analysls of corrosion scale and base metal of 
alloy C near metal-scale Interface, weight percent 

Distance from Fe Cr NI S 0 
interface, I'm 

Corrosion scale: 
125 (outer) ........... 58 1 7 32 0.5 
60 (outer) ............ 46 5 7 32 2 
15 (inner) ............ 38 38 .5 10 13 
Approx 0 (inner) ....... 27 38 1 12 20 

Base metal: 
10 ........ , ...... , . 73 17 9.5 1 2 
Much greater than 100 .. 73 18.2 9 0 0 

Table 5.-Analysls of corrosion scale and base metal of 
alloy D near metal-scale Interface, weight percent 

Distance from Fe Cr NI S 0 
interface, I'm 

Corrosion scale: 
85 (outer) ............ 43 6 15 35 2 
30 (outer) ............ 40 7 15 32 5 
20 (inner) ............ 19 50 2 15 12 
Approx 0 (inner) ....... 8 67 1 4 18 

Base metal: 
10 ................. 60 18 21 1.5 .5 
Much greater than 100 .. 54 28 19 0 0 

As was the case with AI-containing alloys, the loosely 
packed outer layer was made up essentially of FeS with a 
minor Cr and, in this case, Ni presence. In the case of 
AI-containing alloys, outward diffusion of Ni was not 
observed, but in the AI-free alloys, concentrations of 7 wt 
pet (alloy C) and 15 wt pet (alloy D) Ni were observed in 
the outer scale. This was not true of the inner scale 
observed in both alloys C and D, which were essentially Ni 
free. This inner layer shared a heavy concentration of Cr, 
approximately two times the Cr content of the base metal 
in each case. While the inner layer was more compact and 
adherent than the outer FeS layer, it was not as adherent 
as the AI-containing scales and could be removed by 
vigorous brushing. The penetration of both 0 and S 
through the inner scale was evident in both EMPA and 
EDAX scans and was readily observed in the form of grain 
boundary attack in photomicrographs as illustrated in 
figure 3. The inner scale is 20 to 30 J-lm in thickness and 
high in 0, with the 0 content increasing toward the 
metal-scale interface. 

The corrosion of AI-free alloys can thus be represented 
by figure 7 (bottom). The model shows the two-layer 
scale, an outer layer of Fe-rich (Fe, Ni, Cr) S(.) and an 
inner layer of high Cr (Cr, Fe). (0, S). Grain boundary 
sulfidation and oxidation is observed. ~ao (14) observed 
similar scales in Type 310 stainless steel and concluded 
that the outer layer was a single-phase sulfide scale made 
up of a solid solution of FeS-NiS-CrS. Rao also observed 
the relatively high Fe and Ni content and the low-Cr 
content of this outer layer. 

DISCUSSION AND CONCLUSIONS 

While the referenced literature indicates that Al addi­
tions can increase the corrosion resistance of Cr-containing 
steels to S environments, the dramatic increases in corro­
sion resistance observed in the study in oxidizing-S envi­
ronments have not been previously reported. It is evident 
that if an S-containing environment can be adjusted by the 
injection of steam to an oxidizing environment, then the 
beneficial effects of AI additions to steel on sulfidation 
resistance can be greatly enhanced. Steam changes the 
S-containing environment from a reducing to an oxidizing 
environment. The greatly enhanced corrosion resistance 
of AI-containing alloys can be attributed to the formation 

and maintenance by diffusional processes of a thin, adher­
ent, high-AI scale at the metal-scale interface. In these 
alloys, a three-layer scale is observed. The thin, high-Ai 
protective scale is not observed in AI-free alloys, and a 
two-layer scale is observed. Corrosion in oxidizing-S 
atmospheres is reduced by a factor of 3 to 10 in 
AI-containing alloys. The protective, high-Cr, high-AI layer 
limits the inward diffusion of Sand 0 and the outward 
diffusion of Ni at the metal-scale interface. The corrosion 
rate of AI-containing alloys is thus governed and rate 
limited by the diffusion of Fe, Cr, or AI through the 
innermost compact layer of a three-layer corrosion scale. 
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